INTRODUCTION
Human erythrocyte phosphoglucose isomerase (GPI), ~-glucose-6-phosphate ketol isomerase (E.C. 5 . 3 . 1 . 9 ) , also referred to as phosphohexose isomerase or glucose phosphate isomerase, is a dimeric enzyme with a molecular weight of 132000 (Tilley, Gracy & Welch, 1974) . It catalyses the interconversion of glucose-6-phosphate and fructose-6-phosphate in the glycolytic pathway. Detter et al. (1968) studying several populations, reported eight different variant phenotypes of human erythrocyte GPI in addition to the usual pattern detected by starch gel electrophoresis. Pitch, Parr & Welch (1968), studying English and Asian populations, independently reported five kinds of variant phenotypes. Subsequently, the frequency of GPI variants was studied in a variety of populations (Shinoda, 1970 Ishimoto & Kuwata, 1974) . Although the incidence of these variants was in general rare, some ethnic populations showed comparatively high frequencies for these variant phenotypes (Welch, 1971;  Ishimoto, 1975; Tanis et al. 1977) . In a study of Japanese residing in Hiroshima and Nagasaki, 5 electrophoretic variant phenotypes were observed in 35 unrelated individuals in a sample of 4029 observations (Tanis et al. 1977 ).
In the present paper, the thermostability of erythrocyte GPI from 27 individuals representing the five variant phenotypes will be described.
MATERIALS AND METHODS
Glucose-6-phosphate dehydrogenase (G6PD), NADP, dithiothreitol (DTT) were purchased from Calbiochem. Fructose-6-phosphate, 6-phosphogluconate, triethanolamine (TEA) and Triton X-100 were purchased from Sigma. Buffer grade HEPES (N-2-hydroxyethyl piperazine-N-2-ethansulphonic acid) was purchased from Pierce, Rockford, Ill. Haemolysates were prepared from washed, packed cells by the addition of 4 volumes of lysing buffer (HEPES 6 mM, EDTA 1 mM, DTT 1 mM, Triton X-100 0*06%, pH 7.4) and centrifugation at 45000g for 60 min.
GPI was assayed in the reverse direction (fructose-6-phosphate to glucose-6-phosphate) by coupling the product to glucose-6-phosphate dehydrogenase and measuring the rate of reduction of NADP at 340 nm at 30 "C (Noltmann, 1964) , utilizing the Miniature Centrifugal Fast Analyzer made by Oak Ridge National Laboratory as described by Burtis et al. 1973 . The assay mixture was composed of 1 mM F-6-P, 0.1 M TEA (pH 8-0), 1 mM NADP and contained 1-0 i.u./ml of G6PD. Haemoglobin (Hb) content was measured by a modified cyan-284 CHIYOKO SATOH AND H. W. MOHRENWEISER methaemoglobin method (S. Fielek, personal communication). Levels of enzyme activity are expressed as ~U M of product formed per g Hb per h. Thermostability of GPI was measured by heating the haemolysate diluted with 25 mM TEA buffer, pH 8.2 (the ratio of packed cells to buffer was 1 : 29) in glass tubes in a heating block filled with mineral oil for the indicated period, cooling it immediately in ice-water bath, and assaying 10 pl of it for the remaining activity. As precipitation of denatured haemoglobin was not observed except for the experiment with added 2-mercaptoethanol, heated haemolysates were usually directly assayed for GPI activity.
Denaturation by urea was performed by incubating a mixture of an equal volume of original haemolysate (ratio of packed cells to lysing solution was 1 :4) and 10 M urea solution at 30 "C. At the end of the indicated period, the mixture was diluted with 3 volumes of 25 m y TEA buffer, pH 8.2 so that no further denaturation occurred in the diluted mixture. No loss of GPI activity was detectable when it was incubated in the presence of 1.25 M urea for several hours.
Inhibition by 6-phosphogluconate was carried out at a fructose-6-phosphate concentration of 1 rnM.
Starch-gel electrophoresis was performed according to the method of Detter et al. (1968) . The 35 propositi demonstrating the variant phenotypes were ascertained through a population survey reported previously (Tanis et al. 1977) . For this study, specimens from k s t degree relatives whose electrophoretic phenotypes of GPI were the same as those of the propositi were available for 10 of 27 variants. Washed packed cells which had been stored in liquid nitrogen at the Radiation Effects Research Foundation in Hiroshima for +-4 years, were shipped in dry ice to the Department of Human Genetics, University of Michigan. Some of the red cells containing variant phenotypes and those of nine Japanese individuals whose GPI is electrophoretically normal, collected shortly before the experiment, were frozen and included among those samples described above. No effect of length of storage period could be ascertained on either level of enzyme activity, heat stability profile or electrophoretic pattern when duplicate samples from the same individual, or samples from first degree relatives sampled at different times were studied.
RESULTS

Heat denaturation
The thermostability of electrophoretically normal GPI (phenotype 1) and five variant phenotypes detected by the starch-gel electrophoresis in the previous population study of Japanese (Tanis et al. 1977) was examined. Duplicate aliquots of the samples were heated at 47, 49.5 and 52.5 "C for 10 and 30 min and the activities remaining were determined as percentages of the original activity of the unheated sample. The means of the remaining activities at each of the six points measured for normal GPI, phenotype 1, in haemolysates of nine Japanese are shown in Table 1 and Fig. 1 . The mean level of GPI activity in these individuals before heating was 1979 k 45.5 ,m/g Hb/h. Heat denaturation curves of normal GPI obtained from haemolysates of individuals whose enzymes seemed to be the most stable or the most labile of the nine individuals and that obtained from a haemolysate (H) which was subsequently utilized as a normal control for all the heat denaturation experiments are also shown in Fig. 1 .
The thermostability of GPI in 20 unrelated individuals who showed an identical electrophoretic phenotype, named GPI 1-4,,R (Tanis et al. 1977) were examined. GPI 1-4=1R is from the data pooled for all samples. I n order to confirm the genetic nature of the heat stability differences, family studies were carried out for these three classes of GPI. The remaining activities of variant GPI phenotypes of the family members which were electrophoretically identical with those of the propositi are shown in Table 2 . The heat denaturation profile of the enzyme in the no. 2 family (stable phenotype) is consistent with a genetic trait. Two sons and one daughter of no. 19 (very labile phenotype) showed similar denaturation profiles to that of the propositus. The denaturation curve of the son of no. 20 was very similar to that of the propositus. The thermostability profiles of the enzymes obtained from the family studies for the Iabile GPI 1-4H1R phenotype were also similar to those obtained from the propositi. Accordingly, the genetic nature of the differences in thermostabilities was confirmed. The range of thermolability of the 'labile ' class may suggest the possibility of additional heterogeneity in the protein molecules within this large group, although it may be within the range of normal variation for the methodology.
A11 the phosphoglucose isomerases were examined in the haemolysates heterozygous for normal and variant enzymes and the existence of three kinds of dimers, that is, the normal homodimer, a heterodimer and the variant homodimer, were observed as three bands in starch gel electrophoresis (Tanis et al. 1977) . The remaining activities of GPI after heating are the sum of the remaining activities of these three dimers. Starch gel electrophoretic examination of the remaining GPI after heating was carried out for all the samples of GPI 1-4E1R I pheno- types. As shown in Fig. 3 , no. I, whose PGI is thermostable, showed a variant homodimer and a heterodimer which were more intensely stained than the normal homodimer before heating. After heating for 30 rnin a t 52.6 "C, moderate activity was observed in the variant homodimer and heterodimer, only a slight activity being observed in a normal homodimer. The same result was obtained for no. 2. On the contrary, the very labile GPI of no. 10 (Fig. 3) or no. 20 showed a variant homodimer which stained less intensely than the normal homodimer before heating. The variant homodimer almost disappeared after heating for 10 min a t 52.5 "C, when the remaining activity was about 40 %. The staining intensities of the normal homodimer and of the variant homodimer of the 'labile' GPI class (e.g. nos. 3 and 4) were almost equal before heating ; a decrease in intensity was observed in the variant homodimer after 30 min at 49.5 "C or after 10 min at 52.5 "C, when the remaining activity was approximately 60%. The variant homodimer could not be seen after heating 30 min a t 52.5 "C, when the remaining activity was about 20 %. These observations coincide with the results obtained in the heat denaturation experiments and indicate that thermostability is a characteristic of the variant GPI and not the normal GPI. The other four variant phenotypes detected by starch gel electrophoresis in this population were also examined for thermostability and the results are shown in Table 3 . Phenotype 1-2NGs in two individuals and a family member of one of them was more stable than the normal GPI.
After 30 min at 52.5 "c, the remaining activity was approximately 10 yo higher in the GPI-~NGs phenotype than that in normal GPI. GPI phenotypes 1-3,,, (labile class GPI 1-4ErR l); well 3, same at 62.5 "C for 10 min; well 4, same at 52.6 O C for 30 min; well 5, unheated no. 1 (stable class GPI 1-4H1R l); well 0, same at 52.5 "C for 30 min; well 7, normal GPI (H) a t 5 2 6 O C for 30 min. ( b ) Wells 1 and 8, unheated normal GPI (H); well 2, unheated no. 3 (labile class GPI 1-4E1R well 3, same at 52.5 O C for 10 min; well 4, same at 52.5 "C for 30 miri; well 5, unheated no. 19 (very labile cl~wss GPI 1-4B1R l); well 0, same at 52.5 "C for 10 min; well 7, same at 52.5 "C for 30 min.
(no. 27) and his daughter showed almost the same denaturation curves as that of the normal GPI. Because GPI 5,,, have different electrophoretic mobilities in the presence or absence of added 2-mercaptoethanol (Tanis et al. 1977) , their thermostability was determined with and without 0.1 yo of 2-mercaptoethanol. Although a small amount of precipitation of denatured haemoglobin was observed when 2-mercaptoethanol was added and it was excluded from heated samples by centrifugation and their electrophoretic patterns showed the effect of the added reducing reagent, no difference was observed in their heat denaturation curves. At present, there are no other data which clearly confirm that the observed difference and GPI 5,,, of thermostability within GPI 14jRIR phenotype is real, because not enough packed cells of the first two individuals remained to carry out other experiments. The starch gel electrophoresis of the heated haemolysates again confirmed that stability against heat is a characteristic intrinsic to the electrophoretically variant proteins.
Urea denaturation
Two samples from each of the three classes of GPI 1-4H1R1 phenotypes with different therrnostabiIity and two with normal GPI were examined for the loss of activity of the GPI by 5 M urea denaturation. The denaturation procedures were carried out in three replicates and GPI was assayed three times for each replicate. The possibility of heat denaturation at 30 "C was excluded since no difference in activity of GPI was observed in a mixture of a haemolysate and water and a haemolysate in 1-25 M urea solution at 0 and 30 "C for 45 min. Results are shown in Table 4 . The order of the remaining activities at 15 and at 45 min is the same as that which obtained for thermostability. Nevertheless, when the values obtained from two persons with normal GPI phenotype were compared with those obtained from variant GPI phenotypes, one normal GPI (H) was similar to stable GPI 1-4H1R phenotype and the other (I) was similar to labile GPI 1-4,1R 1. When seven phenotype GPI 1 samples (including those of H and I) were examined for the denaturation of their GPI by urea, remaining activities at 45 min were observed to be in a range of 47-61 %. GPI of H, which retained 61 % of original activity in the previous experiment, again retained 61% of the original activity, while GPI of I, which retained 51 % of original activity in the previous experiment, retained 55 %. When the remaining activities of these two normal GPI samples (H and I) after heat denaturation were compared, the values of H were usually higher than those of I, but the differences were 3-4% of the original activity at 52.5 "C, and they seemed t o be in the range of experimental error. All of these results indicate that the stability of the enzymes to denaturation with 5 M urea in the conditions we used, was similar to the heat stability profile of the various proteins.
290
CHIYOKO SATOH AND H. W. MOHRENWEISER Inhibition by 6-phosphogluconate Phosphoglucose isomerases of the same eight individuals whose samples were examined for denaturation by urea were assayed in the presence of various concentrations of 6-phosphogluconate. No differences were observed in the percentage inhibition among the norma1 and the three classes of the GPI 1-4,,R phenotype.
DISCUSSION
Although the electrophoretic approach has represented a very major step in the detertion of variability a t the protein level, its limitations are well known. The major constraint is the necessity for the amino acid substitution to involve a charge alteration, a constraint which is estimated t o occur in only 1 of 4 amino acid changes. Haemoglobin is an excellent example of single electromorphs concealing many different amino acid substitutions. Until recently, variation within an electromorph was detected almost exclusively by fingerprinting and sequencing techniques which are only useful when purified protein is available in relatively large amounts.
The present study on identification of previously undetected variation within a single electrophoretic class of GPI variants demonstrates the utility of heat stability studies in detecting amino acid substitutes which do not alter the electrophoretic mobility of the variant protein. The susceptibility to 5 M urea of the various GPI 1-4H,R variants parallels their susceptibility to heat denaturation, although the magnitude of the differences are not as large. The data on urea and heat stability would indicate that the amino acid substitutions, although conferring similar charge changes to each of the variant proteins, resuIt in altered conformation of the protein molecule in each instance. The difference in stability was always manifested in the variant protein band when treated samples were examined by electrophoresis. The lack of effect on the kinetic properties of the enzyme would indicate that structural alteration does not affect the active sites of the enzyme. Similarly Vives-Corrons et al. (1975) and Van Biervliet, Van Milligen-Boersma & Staal (1975a) , Van Biervliet et al. (19753) reported that no changes in the kinetic properties were observed in GPI variants detected by electrophoresis although these individuals were characterized by GPI deficiency and non-spherocytic haemolytic anaemia.
This study demonstrates that stability studies designed to detect structural alterations manifested by changes in protein conformation are helpful in determining further variation within electrophoretic classes of proteins.
SUMMARY
The thermostability of the five kinds of electrophoretically variant phenotypes of GPI which were found in Japanese in a previous study (Tanis et al. 1977) was examined. The most frequently found variant phenotype, termed GPI 1-4HIR observed in 20 individuals could be divided into three distinct classes on the basis of thermostability characteristics. These classes were termed 'stable 'y 'labile ', and ' very labile '. ' Stable ' lost approximately 20 and 60 yo of its original activity after heating 10 and 30 min at 52-5 "C, respectively, while normal GPI lost approximately 30 and 70% of its original activity. 'Labile' lost approximately 40 and 80 %, and 'very labile ' lost approximately 55 and 90 yo of its original activity under the same heating conditions. Electrophoresis showed that thermostability was a characteristic of the variant protein molecule but not of the electrophoretically normal molecule. The order of the stability of these three kinds of variants against 5 M urea was the same as that of their thermostability. No difference against inhibition by 6-phosphogluconate was observed among the normal and the variant phosphoglucose isomereses. Family studies confirmed the genetic nature of the thermo-and urea stability differences among the affected individuals.
